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Proton NMR has revealed two modes of structural heterogeneity in the monomeric hemoglobin I of
Chironomus thummi thummi, CTT I; rotational disorder caused by a 180" rotation of the heme about the a,y-meso
axis (primary heterogeneity), which varies for each preparation or reconstitution of this hemogobin, and a 'silent'
amino acid replacement [Thr/Ala exchange in position 98(FG4)] in the vicinity of the heme group, which is
invariant under all experimental conditions. The heme rotational disorder (primary heterogeneity) can be removed
by reconstitution of CTT I with the symmetrical protoheme 111. The secondary splitting is not affected; the ratio
of intensities of the two types of resonance remains constant. The 8-methyl and 3-methyl and one of the a-vinyl
proton resonances for the major heme rotational component and the 5-methyl and 1-methyl and one of the avinyl proton resonances for the minor heme rotational component have been identified and assigned by reconstitution with deuterium-labeled heme. Decoupling experiments have been employed to assign vinyl p protons in cis
and trans position to the respective vinyl LY protons. Hyperfine shifts for the heme protons exhibited no pH
influence above pH 6, in accord with the lack of the alkaline Bohr effect. Below pH 6, pH effects are most strongly
reflected by the 8-methyl and 5-methyl proton resonances possibly reflecting titration of the propionate groups.
The capability of the biological O2 transport system to
modulate O2 affinity is based on two principles: polymorphism [l] and allosterism of hemoglobins [2-31. Both are
present in chironomid larvae monomeric hemoglobins.
Hence, the Chironomus thummi thummi hemoglobins CTT I V
and I11 have alkaline Bohr effects [4], but CTT I does not [5].
All three have molecular masses of about 15 kDa, but CTT
I11 and I V resemble each other most closely in primary
structure [6 - 81. CTT I and I11 each exhibits a point mutation,
at Ile/Thr-57(E6) in CTT I11 [6] and Ala/Thr-98(FG5) in CTT
I [9], and low amounts of further forms of CTT I have been
observed during ion-exchange chromatography and electrophoresis. (Braunitzer and Kleinschmidt, personal communications.) The structural heterogeneity in CTT I11 causes
small changes in the heme pocket as monitored by proton
nuclear magnetic resonance spectroscopy at 360 MHz in the
paramagnetic cyano-met [lo] and azido-met forms [ll].
Numerous studies have shown that heme disorder as a
formal rotation about the a,y-rneso axis of the heme,
illustrated in Fig. 1, can very often be observed in heme proteins [lo- 231. 'H NMR spectroscopy of paramagnetic forms
of CTT hemoglobins I11 and I V subsequently proved that
more than 30% of the total material has the heme in the
reversed form [lo - 141. However, the sole high-resolution Xray analysis of CTT hemoglobins detected only a single heme
interaction mode for CTT I11 [8, 24, 251. In contrast to CTT
Correspondenceto G.N. La Mar, Department of Chemistry, University of California, Davis, California, USA-95616
Abbreviation. CTT I, CTT 111, CTT IV, Chironomus thummi
thummi hemoglobins I, 111 and IV.

I11 and I V [18 -201, 13CNMR spectroscopy of 13CO-ligated
CTT I was reported to exhibit a single resonance over the pH
range 5.3-8.1, and this was used to infer the presence of a
homogeneous protein with only one heme insertion isomer
[20]. A more favorable case for observing small structural
changes is the paramagnetic cyano-met form, which provides
the optimum in resolution of hyperfine-shifted resonances. A
'H NMR study of this form of CTT I was reported [13], but
little analysis was performed: it was only noted that at least
three components were present and that the chemical shifts of
various hyperfine-shifted resonances were pH-invarient from
pH 5.5 to 10. The importance of the presence or absence of
heme disorder in the CTT hemoglobins has been established
by differential responses to the allosteric transition as
monitored by resonance Raman spectroscopy [26] and 02-off
rate kinetic studies [27].
In this report the structural heterogeneity of cyano-met
CTT I is characterized by 'H NMR spectroscopy at 500 MHz.
Many hyperfine-shifted resonances have been assigned, and
the four observed spectral species are evaluated with reference
to heme disorder and amino acid sequence heterogeneity in
the vicinity of the heme. Finally, a comparison of CTT I with
CTT I11 and I V is made, focusing on local protein-heme
interactions.

MATERIALS AND METHODS
Purification of monomeric insect hemoglobins
The monomeric insect hemoglobins CTTs I, 111, and I V
were isolated from the lymph of insect larvae of Ch. thummi
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Fig. 1. ( A ) Orientation ofHis-F8 imidazole plane relative to protohemin I X asfound in the X-ray structure of CTT III (81; ( B ) protohemin I X
rotated 180" uhout the a,y-meso axis relative to the X-ray structure; ( C ) protohemin III, which possesses true twofold symmetry about the ~ , y meso axis. The proximal histidine is shown below the heme plane

thumrni as described elsewhere [4, 281. The present state-ofthe-art purification procedure has been recently described in
detail [12]. Special attention has been payed to the purification
of CTT I. CTT I was rechromatographed according to the
procedure described elsewhere [29]. On the basis of polyacrylamide gel (loo/,) vertical slab electrophoresis at pH 9.5 the
three hemoglobins were homogeneous with RFvalues of 0.19,
0.60 and 0.71 for CTTs I, 111, and IV respectively. The saltfree hemoglobins (met form) were lyophilized and stored at
- 30 "C.

Reconstitution of CTT I

Globin was prepared from CTT I by employing a modified
acetone method according to [30]. Lyophilized methemoglobin was dissolved in distilled water at room temperature
to obtain a 1% Hb solution. The Hb solution was then cleared
by centrifugation. The following steps of the globin preparation were performed at + 4°C. The extraction of hemin chloride was performed by injecting one volume of the 1YOMetHb
solution in a thin stream into 20 volumes of acetone solution
containing 1 M HCl and cooled to -20°C under rigorous
stirring. The precipitated globin was suspended by 30 s stirring
in the actone solution into which hemin chloride was extracted
and then immediately separated from the supernatant by centrifugation. The globin was resuspended into the acid acetone
solution for 30 s and centrifuged; this procedure was repeated
three times.
The globin was dissolved in 1.0 M NaOH solution within
1 - 5 min under stirring. The purity and the concentration of
the globin solution were checked by visible/ultraviolet absorption spectroscopy at + 4°C. The globin concentration was
determined by measuring the absorbance at 280 nm using a
molar absorption coefficient E = 11 200 M - cm- '.
Hemin chloride (4.21 mg are necessary for the reconstitution of 100 mg CTT Hb) dissolved in 1 mlO.1 M NaOH was
added dropwise under stirring to the alkaline globin solution.
As the velocity of the reconstitution reaction is fast, the reaction mixture was immediately passed through a Sephadex G 25 column (3.5 x 21 cm, for 5 ml Hb solution) equilibrated
with distilled water to separate CTT I from the alkaline reaction medium as fast as possible. Free hemin chloride, precipitated on top of the gel column, was quantitatively incorporated into globin by passing further alkaline globin solu-

tion through this column. The reconstitution was performed
within 12 min. The yield of reconstituted CTT I was about
60%. Finally, the salt-free CTT I was lyophilized and stored
at -30 "C. The synthesis of proto-I11 hemin chloride was
performed as described recently [31].

Proton nuclear magnetic resonance spectroscopy

Samples for NMR measurements were prepared from
lyophylized met CTTs dissolving 10- 50 mg Hb into 0.5 ml
DzO and immediately adding solid KCN. The required pH
values were then adjusted by adding 0.1 M 'HCl or NaO'H.
The Hb solutions were cleared by centrifugation. The pH
values are reported as uncorrected pH-meter readings using
a Beckman 3550 pH meter in combination with an Ingold
microcombination electrode. For titration experiments we
typically started at the lowest pH value adding 0.1 M NaOZH
to increase the pH successively. All chemical shifts are given
in ppm from 4,4-dimethy1-4-silapentane-l
-sulfonate using residual HzO as an internal reference. Proton Fourier-transform
NMR spectra were collected in quadrature detection using
Nicolet NT-360 or NM-500 spectrometers operating at
360 MHz and 500 MHz respectively. Typically 1000 transients were collected with an appropriate sweep width (up to
26000 Hz total) with 8192 data points and a 10-ps or 7-ps 90"
pulse at 500 MHz or 360 MHz respectively. Overfilling the
ADC was avoided by suppressing residual solvent signals with
a 300-ms presaturation pulse as required. Zero-filling was
used and the line-broadening factor was 5 Hz.

RESULTS
Distinction between two modes of spectral heterogeneity

in CTT I
In Fig. 2 we demonstrate the spectrum of cyano-met-CTT
I at pH 5 (spectrum A). At this pH the resonances labeled B1
and bl are resolved from each other, while in the previous
study these resonances were observed as a single peak [13]. In
consequence we now monitor in the high-resolution spectra
four spectral species with representative methyl peaks (Al, a,,
B1 and bl) on the basis of hyperfine-shifted proton resonances
in the downfield region. Further resolution can be seen in the
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Fig. 2. Hyperfine-shiftedportions of ' H N M R spectra in 2 H 2 0 of ( A ) met-cyano-CTTIatpH 5.0,25"Candat 360 MHz; ( B ) met-cyano-CTT
I at pH 4.6, 27°C and 500 M H z ; ( C ) met-cyano-proto-III-CTT I at pH 5.5, 27°C and at 500 M H z ; ( D ) met-cyano-CTT IV at pH 5.1, 27' C
and 500 MHz and ( E ) met-cyano-CTT III at pH 5.6, 40°C and 360 MHz. In traces A, B and C , the labeling scheme follows that of the text.
The intensity ratios of Ai to Biand ai to bi vary from 1.4 to 3.4 in different samples while the ratios of Ai to ai and Bi to bi remain constant
at 1.7. Traces D and E are labeled with their assigned resonances [lo] with the superscript (A or B) representing orientation A or B as defined
in Fig. 1. The heme numbering scheme may also be found in Fig. 1 . The inset to trace B shows the difference spectrum in the upfield region
obtained by irradiating resonance A3 during the free induction decay accumulation

spectrum of cyano-met-CTT I at pH 4.6, B of Fig. 2. Here,
B2 and b2 are resolved into two peaks, along with increased
resolution in the upfield region.
Spectrum C of Fig. 2 shows the proton NMR trace of
cyano-met-CTT I reconstituted with photoheme 111, which
possesses a true CZvsymmetry axis (see Fig. 1C). Consistent
with the expectation that only a single heme orientation is
now possible, the number of resolved resonances from this
sample with respect to native CTT I is reduced to one-half,
with the ratio areas of each of the pairs Ai :ai z 1.7. The same
ratio is observed Bi :bi FZ 1.7 in native CTT I, as demonstrated
in spectra A and B of Fig. 2. In contrast, we find that, for
different preparations and reconstitutions of CTT I, the ratios
Ai : Bi and ai :bi vary from 1.4 to 3.4, while Ai :ai and Bi :bi
are 1.7 in all samples. We then conclude that CTT I has at
least two modes of heterogeneity, one which may vary (Ai :Bi

and ai :bi) and one which remains constant (Ai :ai and Bi :bi).
Spectrum D of Fig. 2 presents a proton NMR spectrum from
native cyano-met-CTT IV at pH 5. Spectrum E of Fig. 2
shows a proton NMR spectrum from CTT 111 under similar
conditions. Assignments for CTT 111 and CTT 1V are indicated as determined previously [lo, 121. The peaks with
superscipts A and B correspond to the heme orientation in A
and B of Fig. 1, respectively.
p H dependence of hyperfine-shifted proton resonances
in CTT I

A plot of chemical shift versus pH for various hyperfineshifted proton resonances of CTT I is presented in Fig. 3.
Fig. 3 demonstrates that chemical shifts are independent
above pH 6, as reported previously [13]. However, at low pH,

are the H,, and H,, protons on the same vinyl as A3, coupled
to A3 by 16 Hz and 10 Hz, respectively. Similarly, a3 is
coupled to a7 and a8. B3 is coupled to B7 and B,, and b3 is
coupled to b7 and b8 (data not shown). Assignment of the
vinyl proton to the 2-vinyl or 4-vinyl group is not possible on
the basis of the available isotope labels. However, it has been
found in other cyano-met-heme proteins that the same pyrrole
bears the vinyl and methyl with the larger hyperfine shift, so
that we can attribute the sets A3, A7, A8 and a3, a7, a8 to the
4-vinyl group, and B3, B7, B8 and b3, b7, b8 to the 2-vinyl
group.
Preliminary data from nuclear Overhauser experiments on
native CTT I have verified the proximity of B7 to B2 and A7
to A,; the 2-vinyl p-trans proton shows proximity to the 1methyl protons. and the 4-vinyl p-trans proton shows proximity to the 3-methyl protons. There are several resonances in
the 10-15 ppm region which have not yet been assigned.
Even without a knowledge of the origins of these resonances,
it is apparent that the number of such peaks in the spectrum
of CTT I is much greater than in that of CTT IV, and more
similar to that of CTT 111. The assigned peaks and their
chemical shifts are listed in Table 1.
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Fig. 3. p H dependence of hyperfine-shifted re.wnances of the 500 M H z
' H N M R spectrum of met-cyano-CTT I in ' H Z O at 27°C. The lines
are intended only as a guide to the eye in following the titration
behavior of resonances. The labels of peaks are the same as in Fig. 2

there are substantial shifts in most of the resonances which
may be indicative of an acid Bohr effect. The effect of only
low pH on the hyperfine shifts is consistent with previous
NMR results on the carbonmonoxy form [20], and may be
due to titration of the heme propionate groups.
Assignment of hyperfine-shifted heme proton resonances
Spectrum A in Fig. 4 presents the hyper fine-shifted
portions of native cyano-met-CTT I for reference. Reconstitution with [2,4-~1-~H~]protohemin
IX resulted in the loss of the
resonances a3, A3, B3 and b3, (spectrum B of Fig. 4), and all
resonances upfield of -2 ppm (i.e. a7, A7, a,, A8, b7, B7, b8
and B,) sharpened. Thus, a3, A3, B3 and b3 must arise from
the 2-a-vinyl and/or 4-a-vinyl protons, and the resonances a7,
A7, a,, A8, b7, B7, b8 and B8 are likely candidates for the 2P-vinyl and/or 4-P-vinyl protons of the heme group. Spectra
C and D of Fig. 4 shows the result of the reconstitutions
of CTT I with [l,5-(C2H3),]protohemin IX and [1,3(C2H3)2]protoheminIX, respectively. These spectra uniquely
assign B1, bl to 5-CH3, B,, b2 to 3-CH3 and A,, a, to 1CH3: Al, al can then be safely attributed to 8-CH3. The
approximately 50% loss in intensity in the resolved upfield
peaks (a7, A7, a,, A8, b7, B7, b8 and €3,) seen in the spectrum
D of Fig. 4 (compare also Figs 2 and 4) is due to partial
deuteration of the P-vinyl protons of the [1,3-(C2H3),]protohemin IX.
We assign individual vinyl p protons by decoupling the
vinyl CI protons. The inset in Fig. 2 shows the difference
spectrum which results from decoupling A3. Thus A7 and A,

The plot of observed shift versus reciprocal temperature
(Curie plot) yielded straight lines for all peaks, and the apparent intercepts at infinite temperature are indicated in Table 1.
The vinyl proton signals, in particular, exhibited intercepts
very close to their diamagnetic positions, which dictate that
the average orientation of the vinyl relative to the heme plane
does not change with temperature. This is in contrast to CTT
111 and IV, whose mean vinyl orientations were found
temperature-dependent.
Stability of heme rotational components
Samples exhibiting two different ratios of the two heme
rotational components (by a factor of approximately 2) were
incubated at both pH 4.6 and 9.5, and both at 4°C for several
weeks as the met-cyano form and at 35 "C for 24 h as the more
labile met-aquo form [32]. Neither of these samples showed
appreciable equilibration away from their original ratios (the
met-aquo samples were quenched with cyanide prior to recording NMR spectra). From these observations we conclude
that CTT I is quite stable toward heme reorientations, as was
found for CTT 111 or CTT IV.
DISCUSSION
Origins of the spectral heterogeneities
One heterogeneity found in the proton NMR spectra of
cyano-met CTT I maintains a constant ratio over all samples
(Ai :ai and Bi :bi), and another one gives peak ratios which
vary for various reconstituted samples (Ai :Bi and ai : bi). Consistent with our earlier work, we define the latter as the primary heterogeneity (which gives rise to Ai,
ai resonances being
resolved from the Bi, bi resonances), and the former as the
secondary heterogeneity (which gives rise to the Ai resonances
being resolved from the ai resonances and the Bi resonances
being resolved from bi resonances).
Both the variable ratio of the primary heterogeneity and
the observation that this heterogeneity is removed by re-
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Fig. 4. 360 M H z 'H N M R traces at 25°C and pH5.0 of the hypedine-shifted regions of ( A ) met-cyuno-CTT I ; ( B ) met-cyano-(2,4-sc(2H)2]protohemin-IXCTT I ; ( C ) met-cyan0-[1,5-(C~H~)~]protohemin-IX
CTT I and (0)
met-cyan0-[1,3-(C~H~)~]protohemin-IX
CTT I.
The resonances lost with deuteration have their positions marked with arrows. Resonances which show intensity loss due to partial deuteration
of heme /?-vinylproton positions are marked (*). Note that Ai :Bi and ai : bi vary from sample to sample as discussed in the text

Table 1. Chemical-shift data for cyano-met-CTT I at 25°C
A 6 , chemical-shift difference between low-pH form (pH 4) and high-pH form (pH 7)
Heme rotational disorder, form B

Heme rotational disorder, form A
peak

assignment

6

A6

dia int

26.75
26.24
20.50
20.50
18.36
18.70
- 3.25
-3.16
- 3.48
- 3.25

assignment

6

A6

dia int

1.75
2.63
- 1.08
-0.30
0.26
0.92
-0.33
0.13
0.38
-0.05

-7
-7
-5
-3
5
7
9
9
10
10

PPm

PPm
8-CH3
8-CH3
3-CH3
3-CH3
4-H,
4-H,
4-HglrOns
4-Hgtrons
4-Hgcis
4-Hpcis

peak

1.75
1.62
0.06
1.06
-0.15
0.05
0.45
0.36
0.50
0.15

-9
-5
-1
-1
4
4

9
9
9
9

24.97
24.97
18.97
19.35
17.55
17.35
-5.17
-5.17
- 5.37
- 5.37
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constitution with protoheme 111, lead us to conclude that it
arises from a formal rotation of the heme group about the
a,y-pseudo-twofold axis relative to the heme pocket in the
protein, as depicted in A and B of Fig. 1 respectively. The
stability of the cyano-met form of the heme rotational
components of CTT I is extremely high. The extreme resolution of resonances representing this primary heterogeneity is
illustrative of the superior resolution which the cyano-met
form can supply [12]. The previously reported 13C NMR
spectra of the diamagnetic 13CO-ligated CTT I did not provide sufficient resolution to observe the heterogeneity in this
protein [20].
The secondary heterogeneity (Ai versus ai and Bi versus
bi) is consistent with an amino acid sequence heterogeneity
because it is invariant with respect to reconstitution and
sample preparation. Indeed, it is difficult to establish with
certainty whether the point mutation in the amino acid sequence of CTT I [Thr/Ala at position 98(FG5)] is the cause
of the secondary NMR spectral heterogeneity. However, according to the X-ray structure analysis of CTT 111, Arg90(FG3) is hydrogen-bonded to the carboxyl group of the
heme 6-propionate [8]. In at least one alignment scheme of
these proteins [l], the heterogeneity in CTT I is adjacent to
this position. Thus the amino acid sequence heterogeneity in
CTT I is expected to be very near the heme at the proximal
side of the heme group. Therefore, the observation of two sets
of resonances due to perturbations of the Arg-FG3 hemepropionate link in CTT I is likely.

not represent complete titration curves, making the determination of pK values difficult. Trends can be expected to be
most significant for the 8-methyl and 5-methyl resonances
since these show the largest pH effect and are closest to the
site of amino acid replacement, and hence to the Arg-FG3propionic acid salt bridge. Among these resonances, the titration of bl is more strongly influenced than any other resonance (also, see Table 1). Thus, the strongest perturbation of
the secondary heterogeneity at low pH on the heme is felt by
the 5-methyl of the bi form. The larger pH effect on bl could
find an explanation in the local polar interaction originating
from Thr-FG5. The corresponding A-form resonances (A,
and al) show similar titration behaviour to B1. It is interesting
to note that the bi and ai forms are generally more sensitive
than the Ai and Bi forms supporting the assignment of ai and
bi to CTT I with Thr at position FG4.
Finally we can conclude that there is no evidence for an
alkaline Bohr effect from the proton NMR spectra in 2H20.
All observed pH effects occur below pH 6, possibly reflecting
an acid Bohr effect. The p s o of CTT I at pH 5.5 is similar to
that found for CTT 111 and CTT IV at this pH [4, 5,271. CTT
I11 and CTT IV (exhibiting alkaline Bohr effects) are in the
low-affinity state at low pH. In CTT I this low-affinity state
is stable over the pH range of 5.5-9.5. We have no evidence
from the NMR data to suggest that the biological functioning
of the four forms of CTT I found in this study are different,
but we cannot rule this out without further evidence.
Mobility of the heme vinyl groups in C T T I

Comparison of C T T I with C T T 111 and C T T IV
The hyperfine shift pattern reflects, in part, perturbations
on the heme from the amino acid residues in the heme pocket;
this causes large variations in patterns among heme proteins
in the cyano-met form. A comparison of the hyperfine-shifted
regions of the proton NMR spectra from the three monomeric
CTTs (Fig. 2A, D and E) shows striking similarities between
these hemoglobins, both in the order in which resonances
appear and in the magnitude of chemical shifts each resonance
shows. Therefore, CTT I is similar in structure to that of CTT
IV and CTT 111, at least in the vicinity of the heme. The
pattern of methyl resonances in these spectra also leads us to
conclude that in CTT I, as in the cases of CTT 111 and CTT
IV, the heme is predominately inserted as shown in Fig. 1A
[8]; this is reversed from the orientation found for sperm
whale myoglobin [24] (see Fig. 1B).
The magnitude of the effect from the secondary heterogeneity on the chemical shifts in cyano-met CTT I is considerably greater than for CTT 111. The known point mutations in
both proteins occur in the heme pocket of the respective
hemoglobin. However, the secondary heterogeneity in CTT
111 is on the distal side of the heme [6], while the secondary
heterogeneity in CTT I is on the proximal side of the heme.
The location of this heterogeneity near the proximal side
of the heme and the perturbations on other residues of the
proximal side may be large factors in the magnitude of the
chemical-shift differences of the secondary heterogeneity
species.
Acid structural transitions of C T T I
monitored by heme proton hyperfine shijts
The resolution of the resonances split by the secondary
heterogeneity is greatest at low pH values as seen in Figs 2
and 3. The chemical-shift-versus-pH plots shown in Fig. 3 do

The variable temperature data indicate that the vinyls
which give rise to resolved resonances largely retain their
averaged positions relative to the plane of the heme on titration from pH 5.5 to 9. CTT I correlates with the low-affinity
form of CTT I11 and CTT IV over pH 5.5 to 9 [15]. Caution
must be exercised in interpreting this as mobility, since Riis
strictly a measure of average rotational position which may
or may not be related to mobility. Thus, these data are not in
direct conflict with the X-ray data interpretation that the CTT
111 4-vinyl is fairly unrestricted in motion. It should be noted,
however, that the low O2 affinity is observed together with
the insignificant change in 4-vinyl averaged position with temperature in CTT I and in the low-pH forms of CTT 111 and
CTT IV.

CONCLUSION
a) CTT hemoglobins exhibit structural heterogeneity resulting from various protein -heme interactions such as heme
disorder, which is caused by a formal 180" rotation of the
non-symmetric heme about the a,y-meso axis when inserted
into the globin, and disorder of the protein pocket by amino
acid replacement due to point mutation in the vicinity of the
heme.
b) The behavior of cyano-met-CTT I hyperfine-shifted
heme resonances reflects the lack of the alkaline Bohr effect.
The chemical-shift patterns indicate that its heme pocket is
similar to those of CTT 111 and CTT IV, and that the major
heme orientation is the same as that in CTT I11 and CTT IV.
c) The electronic structure of the heme group is very
sensitive to changes in local interaction between heme and its
protein environment. Such changes in local protein - heme
interactions lead to NMR-spectral heterogeneity and
therefore can be monitored by high-resolution NM R
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spectroscopy. The cyano-met form of the protein provides
superior spectral resolution, when compared to other
oxidation/ligation states, for detecting and characterizing molecular heterogeneity in heme proteins.
This work was supported by the National Institutes of Health
(grants HL 16087 to G.N.L. and HL 22252 to K.M.S.), and by the
Deutsche Forschungsgemeinschaft (grant Ge 161117 to K.G.), and the
Fonds der Chemischen Industrie (to K.G.). We express our thanks to
Miss Sigrid Engels for valuable technical assistance.
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